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Model for kinetics of myosin-V molecular motors
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Abstract

A hand-over-hand model is presented for the processive movement of myosin-V based on previous biochemical experimental results and
structural observations of nucleotide-dependent conformational changes of single-headed myosins. The model shows that the ADP-release rate of
the trailing head is much higher than that of the leading head, thus giving a 1 :1 mechanochemical coupling for the processive movement of the
motor. It explains well the previous finding that some 36-nm steps consist of two substeps, while other 36-nm steps consist of no substeps. Using
the model, the calculated kinetic behaviors of myosin-V such as the main and intermediate dwell time distributions, the load dependence of the
average main and intermediate dwell time and the load dependence of occurrence frequency of the intermediate state under various nucleotide
conditions show good quantitative agreement with previous experimental results.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction

Myosin-V is demonstrated to be able to move processively
along helical actin filament and is involved in different forms
of the intracellular transport [1]. It is composed of two heavy
chains, each consisting of a motor domain and a neck domain
having 6 IQ motifs bound with 6 light chains, an α-helical
coiled coil and a global cargo-binding tail domain. It moves
towards the barbed end of actin for at least 40–50 steps of
∼36 nm without dissociating [2]. By using various experi-
mental methods, many aspects of its kinetic and dynamic
behaviors have been elucidated [2–12]. In particular, its
kinetic behaviors such as the average moving velocity, the
dwell time distribution, the average dwell time under various
loads and nucleotide states have been systematically studied
by using optical trapping nanometry [2,4,11]. Recently, it has
also been revealed that there are two pathways for the 36-nm
steps, one with 12- and 24-nm substeps, and the other without
substeps [11].
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Although it has been definitely determined that myosin-V
moves along actin in a hand-over-hand manner [9], the
microscopic mechanism of its processive movement has not
been completely clear. Based on the lever arm mechanism
that was originally proposed for muscle myosin II [13], many
models have been proposed [4–6,8–12,14–16]. For quantita-
tive study of the kinetics of molecular motors such as kinesin
and myosin-V, the approach usually used is the multi-state
chemical kinetic description where it is postulated that a
motor protein steps through a sequence of discrete chemical
states [17]. Using this approach, some of the experimental
results on the kinetic behaviors of myosin-V are well fitted
[18].

In this paper, we present a new model based on our previous
work [19] by incorporating the detailed nucleotide-state-
dependent orientation of the neck domain relative to the motor
domain. The model can explain well the recent experimental
observations that two substeps occur in some 36-nm steps while
no substeps occur in other 36-nm steps [11]. Based on the model
and the multi-state chemical kinetic description, we develop a
theoretical approach to study the kinetics of single myosin-V
molecules, with theoretical results in good agreement with
previous available experimental results [2,4,11].
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2. Model

It is generally known that the interaction force between
myosin and actin in an ATPase cycle depends on its nucleotide
state: In ATP state myosin has negligible interaction with actin.
In ADP.Pi state it has a weak interaction with actin. Upon
release of Pi, i.e., in ADP state, and ensuing release of ADP, i.e.,
in nucleotide-free state, myosin becomes to have strong
interactions with actin [20–23].

Furthermore, according to previous experimental results, the
relative orientation of the neck domain with respect to the motor
domain in the presence of actin is also dependent on its
nucleotide state: In weak actin-bound state (ADP.Pi) the relative
orientation is random [24–30], as schematically shown in Fig. 1
(a). This is also consistent with the recent experimental results,
demonstrating that, when ADP.Pi myosin-V was mixed with
actin, both heads simultaneously release Pi at the same rate as
the single-headed myosin-V [12,31]. Due to the random
orientation of the neck domain relative to the motor domain,
both heads can bind weakly and stereo-specifically to actin and
thus release Pi simultaneously. However, if the relative
orientation is fixed, due to the weak binding force to actin,
the two heads in ADP.Pi states could not bind simultaneously to
actin in the same orientation and thus the Pi release of the two
heads would not take place at the same time.

Upon Pi release the relative orientation is fixed, as
schematically shown in Fig. 1(b). After transition from the
initial ADP* (i.e., Actin.Myosin*.ADP) state to its isomeriza-
tion ADP (i.e., Actin.Myosin.ADP) state, the neck domain
rotates from pre-power-stroke orientation (Fig. 1(b)) to post-
power-stroke orientation, as shown in Fig. 1(c) [20,21,25,31].
The overall conformation of the nucleotide-free state is taken
nearly the same as that of ADP state [20,21,25,31], as shown in
Fig. 1(d). It is noted that there has been no consensus on
whether the power stroke takes place before, concomitantly
with or after Pi release. Here we assume that the power stroke of
myosin-V takes place after Pi release, as adopted in Refs.
[20,21,25,31]. For certain types of myosin, it was shown that
another power stroke may also occur after ADP release [32,33].
For simplicity and without loss of generality, we neglect this
power stroke induced by ADP release.

For the wild-type dimeric myosin-V with both heads in
nucleotide-free state in the absence of actin, from the
conformation of its single-headed counterpart (Fig. 1(d)) it is
reasonable to assume that the equilibrium conformation of the
dimer should have the form as shown in Fig. 2(a), with the
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Fig. 1. Nucleotide-dependent relative orientation of the myosin neck domain with resp
represent ATP, ADP, Pi and nucleotide-free, respectively.
relative orientation of the two heads being nearly mirror
symmetrical. This can also be understood as follows: As stated
in Ref. [34], the two heads of a homodimeric molecular motor
such as myosin-V emerge from a coiled coil of α-helices, each
helix extending into a neck. Because the coiled coil is twofold
symmetric, as confirmed for kinesin [35] and myosin [36], the
two identical motor domains are also arranged, basically, in the
same twofold symmetry, i.e., the two motor domains would be
oriented in opposite directions.

It is argued here that the residue segment connecting the neck
domain and the coiled coil behaves elastically, with a small non-
zero torsional/bendable elastic stiffness, rather than as a
completely flexible element of nearly zero torsional/bendable
stiffness (i.e., the residue segment being a “hinge point” around
which the neck domain can rotate freely). This is in agreement
with the recent experimental result by using single-molecule
nanomechanics method for myosin-II [37], where the bending
stiffness of the “hinge points” or residue segments that connect
the neck domains and the colied coils was estimated to be 2.5
kBT/rad. Furthermore, based on this argument, the non-zero
torsional/bendable stiffness of the “hinge points” or the residue
segments would keep the two heads of myosin-V fluctuating,
due to noise, around their equilibrium orientations in a limited
range. This is also in agreement with the earlier experimental
results by using phosphorescence anisotropy decay measure-
ments for conventional myosin-II in Ref. [38]: myosin heads
have a favored orientation with a relatively small angular range
with semi-angle of about 12.5° under relaxing conditions. In
addition, by using the same method Ishiwata et al. [39] have
shown that a myosin-II in solution consists of two components
of rotation in cones with semi-angles of about 32° and 47°,
respectively. The former component was attributed to the
rotation of the myosin head (the motor domain and the neck
domain) relative to the tail [39]. This means that the myosin
head can only rotate “freely” around the “hinge point” or
residue segment in a limited range of 32° semi-angle (noting
that the previous models require that a myosin-V head should
freely rotate in a range of more than 120° in order for the
detached trailing head to diffuse to the next binding site after
ATP binding). However, if this “hinge point” or residue segment
is a flexible element of nearly zero torsional/bendable stiffness,
which means a free rotation of the myosin head around the
“hinge point”, it would be expected that the rotation of the
myosin head to the tail should be in a wider range of up to 90° in
semi-angle under the experimental condition in Ref. [39]. Due
to the non-zero stiffness, the thermal noise induces the rotation
(c)

D φ

(d)

ect to its motor domain. The arrowed line in (a) indicates mobility. T, D, P and ϕ



(a) (b) (c)

φ φ φ
T/D.P

D/φ D

D*
D/φ

T/D.P
D

T/D.PD*

(d) (e) (f)

Fig. 2. Equilibrium conformations of dimeric myosin-V in different nucleotide states. The arrowed lines indicates mobility.
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Fig. 3. Myosin-V binds, with both heads, to actin in different nucleotide states.
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in the range with the semi-angle of only 32° around its
equilibrium orientation. Thus, for myosin-V, it is similarly
expected that the non-zero stiffness of the two “hinge points” or
residue segments connecting the necks and the coiled coils
would keep its two heads fluctuating in a limited range around
their equilibrium orientations, as shown in Fig. 2. The favored
orientations with a limited angular range for the two heads are
also supported by various EM observations of myosin
conformations in the absence of actin [40–42].

When ATP binds to one head, from Figs. 1(a) and 2(a) we
deduce that the equilibrium conformation of the dimer has the
form as shown in Fig. 2(b). After hydrolysis of ATP to ADP.Pi,
the equilibrium conformation still shows the same form.
Similarly, the equilibrium conformations of the dimer with its
heads in other nucleotide states are schematically shown in Fig.
2(c)–(f). As in the case of kinesin [43], the motor domains of
myosin V should also bind to actin in a fixed orientation, as
shown in Fig. 1, i.e., the interaction between the motor domains
and actin is stereospecific.

Since each head of myosin-V has a long neck domain,
containing 6 IQ motifs plus 6 light chains, the long neck domain
can be bended elastically [44]. Thus when the two heads are in
ADP/nucleotide-free state or when one head in ADP/nucleo-
tide-free state and the other one in ADP* state, the two heads
can simultaneously bind strongly to two successive binding
sites on actin in equivalent orientations which are schematically
shown in Fig. 3(a) and (b). For the right head to bind actin in
these conformations, an internal elastic force resulted mainly
from the bending of the neck domains and a small internal
torque resulted mainly from the torsion of the residue segment
connecting the neck domain and the coiled coil should be
overcome. When one head in ADP/nucleotide-free state and the
other one in ADP.Pi state, the former head binds strongly to one
binding site on actin and the other one can bind weakly to the
successive binding site by overcoming now only the small
internal torque resulted from the torsion of the residue segment
connecting the neck domain and the coiled coil, as shown in
Fig. 3(c). Note that the neck shapes in Fig. 3(a) and (b), which
are determined by the internal elastic force and torque resulted
from the change in the orientation of the right head from its
equilibrium orientations as shown in Fig. 2(c) and (d), are
consistent with the electron-microscopy observations either in
the presence of ATP or in the absence of ATP or ADP [45]. The
neck shapes in Fig. 3(c) were also observed [45]. Once one of
the two heads or both become free, the internal elastic force and
torque drives the dimeric myosin to its equilibrium (i.e., the
minimum-free-energy) state (Fig. 2).

The proposed model is described as follows. We begin with
the two heads in nucleotide-free states bound strongly to two
successive binding sites on actin, as shown in Fig. 4(a) or Fig. 5
(a). According to the moving direction, we will call the head
close to the barbed end (right) the leading head and that close to
the pointed end (left) the trailing head. Since, in Fig. 4(a), ATP
can either bind to the trailing head earlier than to the leading
head or bind to the leading head earlier than to the trailing head,
we consider the two cases, (i) ATP binds to the trailing head
earlier and (ii) ATP binds to the leading head earlier, separately.

2.1. ATP binds to the trailing head (Fig. 4(a))

The interaction force of the trailing head with actin becomes
smaller than the internal elastic force. Thus the trailing head is
driven to its equilibrium position, the trailing head becoming the
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Fig. 4. Schematic illustrations of proposed movement mechanism of myosin-V with effective mechanochemical couplings. The intermediate D′ state before ADP
release is, for simplicity, not shown.
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new leading head (Fig. 4(b)). Due to the very high ATP-
hydrolysis rate, ATP is hydrolyzed to ADP.Pi immediately. Now
the new leading head in ADP.Pi state binds weakly to actin
[binding site (II)] near its equilibrium position, as shown in Fig.
4(c). Activated by actin, Pi is released immediately and the
leading head, now in ADP* state, becomes bound strongly to
site (II) and its neck domain is fixed, as shown in Fig. 4(d). Note
that, due to the much high ATP hydrolysis rate (∼750 s−1) and
actin-activated Pi release rate (N250 s−1) [3], in Fig. 4(b) and (c)
the probability of ATP binding to the new trailing head (yellow)
is extremely low. (If ATP binds to the new trailing head in Fig. 4
(b) and (c), due to the weak binding force of the new leading
head in ATP/ADP.Pi state, myosin-V is most probable to detach
from actin.).

In Fig. 4(d), if the leading head changes from ADP* state
to the intermediate isomerization ADP state before ATP
binding to the trailing head, the neck domain of the leading
head rotates in the clockwise direction, as shown in Fig. 4(e).
Then upon ATP binding to the trailing head, the trailing head
is driven to its equilibrium position, becoming the new
leading head. After ATP hydrolysis, the new leading head
binds weakly to actin [binding site (III)] near its equilibrium
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position, as shown in Fig. 4(f). Activated by actin, Pi is
released immediately and the leading head, now in ADP*
state, becomes bound strongly to site (III) and its neck
domain is fixed, as shown in Fig. 4(g). Note again that, due
to the much higher actin-activated Pi release rate (N250 s−1)
than ADP release rate (∼12 s−1) [3], the probability of ADP
release from the new trailing head (green) is negligibly low in
Fig. 4(f). From Fig. 4(g), if ADP release from the trailing
head proceeds the ADP* to ADP transition of the leading
head, myosin-V returns to the state of Fig. 4(d), with the
motor moved one step toward the barbed end. From Fig. 4(d),
through (e), (f) and (g), to (d), an effective mechanochemical
cycle is completed. On the contrary, from Fig. 4(g), if the
ADP* to ADP transition of the leading head proceeds ADP
release from the trailing head, myosin-V will complete one
effective mechanochemical cycle from Fig. 4(e), through (f),
(g) and (h), to (e). In either of the two cases no substeps
occur. This is consistent with the recent experimental result
that, in some 36-nm steps, no substep could be identified
even at a 10-kHz sampling rate [11].

In Fig. 4(d), if ATP binding to the trailing head occurs
before the leading head changes from ADP* to ADP states,
the trailing head is driven to its equilibrium position,
becoming the new leading head, as shown in Fig. 4(e′).
Since Pi cannot be released without activation of actin in this
situation, the new leading head will remain in ADP.Pi state.
Then as the neck domain of the new trailing head rotates
clockwise following state transition from ADP* to ADP, the
new leading head can bind weakly to actin near binding site
(III), as shown in Fig. 4(f). Activated by actin, Pi is released
and the leading head, now in ADP* state, becomes bound
strongly to site (III), as shown in Fig. 4(g). After ADP is
released from the trailing head, myosin-V returns to the state
of Fig. 4(d), with the motor moved one step toward the barbed
end. From Fig. 4(d), through (e′), (f) and (g), to (d), an
effective mechanochemical cycle is completed, in which there
exist two substeps, with one substep from Fig. 4(d) to (e′) and
the other one from Fig. 4(e′), through (f) and (g), to (d). From
previous experiments, it is known that the power-stoke size is
∼25 nm [6], which means that the size of the second substep
is ∼25 nm and thus the size of the first substep should be ∼11
nm (the average step size 36 nm minus 25 nm). This is in
agreement with the recent experimental result that some 36-
nm steps consist of two consecutive substeps of 12 and 24 nm
[11].

2.2. ATP binds to the leading head (Fig. 5(a))

The leading head is driven by internal elastic force and
torque to its equilibrium position (Fig. 5(b)). Then ATP is
hydrolyzed to ADP.Pi immediately. Now the leading head binds
weakly to actin (Fig. 5(c)). Upon Pi release, the leading head
becomes bound strongly to actin and its neck linker is fixed, as
shown in Fig. 5(d). The leading head changes from ADP* to
ADP states (Fig. 5(e)) and then ADP is released, thus myosin-V
returning to the original state in Fig. 5(a). A futile mechano-
chemical cycle is completed.

In fact, when the two heads of myosin-V simultaneously
bind strongly to actin, there exists a forward internal elastic
force on the trailing head and a backward force on the leading
head. As will be discussed in Section 4, this leads to a much
high ADP-release rate of the trailing head compared with that of
the leading head. That is, it rarely occurs that the leading head is
in nucleotide-free state. Therefore, the futile mechanochemical
cycle rarely occurs and myosin-V generally hydrolyzes one
ATP per step (1 :1 mechanochemical coupling).

3. Theoretical approach

As noted above, the ATPase cycling of a given myosin
head is described by, ADP*±

k1
k−1 ADP±

k2
k−2 ADP V±

k3
k−3 Empty±

k4
k−4

ATP±
k5
k−5 ADP:Pi±

k6
k−6ADP*, where besides the intermediate

ADP state as discussed in Section 2, it is assumed that there
also exists another intermediate state for ADP release
[22,23,31,46,47], denoted by ADP′, which has the same
conformation as ADP state. Though this ATPase pathway
should be general for all members of the myosin superfamily,
different classes of myosins have different reaction rates and
thus different rate-limiting steps and duty ratios for adaptations
to different functions [12,23]. For myosin-V, due to the much
high ATP hydrolysis rate, k5≈750 s−1, compared with other
rates [3], it is a very good approximation that we neglect the
time taken for ATP hydrolysis during one ATPase cycle. Thus in
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one ATPase cycle of a myosin-V head we need only to consider
the following scheme

ADP*Y
k1
ADPY

k2
ADP V±

k3

k−3 EmptyY
k4
ATP=ADP:PiY

k6
ADP*;

ð1Þ

where, for simplicity, we have neglected the transition from
ADP′ to ADP as the ADP concentration is assumed low here,
and neglected the much slow transition from ATP state to
Empty (i.e., nucleotide-free) state. The transition rates ki (i=1,
2, 3, 6) are independent of [ATP] and [ADP], k4 is [ATP]
dependent, i.e., k4=kT [ATP] and k−3 is [ADP] dependent, i.e.,
k−3=kD [ADP]. Since the actin-activated Pi release rate,
k6N250 s−1, is much larger than ki (i=1, 2, 3) [3], the time
for Pi release from Fig. 4(f) to (g) can be negligible. Without the
activation of actin in Fig. 4(e′), the Pi release rate k6≈0.

When a force parallel with the moving direction, F, is acted
on a myosin head, the dependence of chemical reaction rates on
F follows the kinetics of an enzymatic reaction, which is in the
general Boltzmann form [48]

ki ¼ ki0ð1þ AiÞ
1þ AiexpðFdi=kBTÞ ði ¼ 1; 2; 3; T ;DÞ; ð2aÞ

where ki=ki0 is load independent when Ai=0. F is defined as
positive when it is opposite to the moving direction. When a
force perpendicular to the moving direction, F (⊥), is acted on
the myosin head, the chemical reaction rates have the same
Boltzmann form as that of Eq. (2a) but with F (⊥), Ai

(⊥) and δi
(⊥)

instead of F, Ai and δi
(⊥). F (⊥) is defined as positive when it is

helpful to detach the myosin from actin. When both forces, F
and F (⊥), are acted simultaneously on the head, the chemical
reaction rates become

ki ¼ ki0½1þ Ai�½1þ Að8Þ
i �

½1þ AiexpðFdi=kBTÞ�½1þ Að8Þ
i expðFð8Þdð8Þ

i =kBTÞ�
:

ð2bÞ
When substeps occur, the main dwell time, defined as the

time interval following the 24-nm substepping in Ref. [11],
corresponds to the period from Fig. 4(f), through (g) and (d), to
(e′). Thus from Scheme (1) the main dwell time corresponds to
the following scheme for the head that is trailing in Fig. 4(f)

ADPY
k2
ADP V±

k3

k−3 EmptyY
k4
ATP: ð3Þ

When substeps do not occur the main dwell time corresponds
to the period either from Fig. 4(f), through (g), (d) and (e), to (f)
or from Fig. 4(f), through (g), (h) and (e), to (f). For the former
case, Scheme (3) describes the states of the head that is leading
in Fig. 4(e) and then becomes trailing in Fig. 4(f), (g), (d) and
(e). As we will see in Section 4, the ADP-release rate of the
leading head is much lower than that of the trailing head. Thus,
to a very good approximation, we can neglect the transition
from ADP to ADP′ states of the leading head in Fig. 4(e) and
thus the main dwell time can be calculated by using Scheme (3)
for the trailing head. For the latter case, Scheme (3) describes
the states of the head that is leading in Fig. 4(h) and (e) and then
becomes trailing in Fig. 4(f), (g), (h) and (e). As discussed in the
former case, to a very good approximation, we can neglect the
transition from ADP to ADP′ states of the leading head in Fig. 4
(h) and (e) and the main dwell time can still be calculated by
using Scheme (3) for the trailing head.

In rigor state of Figs. 4(a) or 5(a), the force opposite to
the moving direction acted on the trailing head can be
written as

F ¼ Fload−F0cos 35-; ð4aÞ

and that acted on the leading head can be written as

F ¼ Fload þ F0cos 35-; ð4bÞ

where F0 is the internal elastic force. The force perpendic-
ular to the moving direction acted on the trailing and
leading heads are, respectively,

Fð8Þ ¼ F0sin 35-; ð4cÞ

Fð8Þ ¼ −F0sin 35-: ð4dÞ

In calculations we take the internal elastic force in the
moving direction equal to the stall force, i.e., F0 cos 35°=3 pN
[2]. This is because, when a load equal to F0 cos 35° is acted on
the myosin, the net force acted on the trailing head F in the
moving direction is zero (see Eq. (5a)) and thus the motor
becomes stalled since the trailing head on average cannot move
either forward or backward even if it is detached from actin after
ATP binding.

Now we derive the formula for the main dwell time
distribution. For convenience of writing, we denote the pro-
babilities for finding the fixed myosin head in ADP, ADP′,
Empty, and ATP states by D, D′, ϕ, and T, respectively. From
scheme (3), the probabilities are described by the following
differential equations

dD=dt ¼ −k2D; ð5aÞ

dD V=dt ¼ k2Dþ k−3/−k3D V; ð5bÞ

d/=dt ¼ k3D V−ðk−3 þ k4Þ/; ð5cÞ

dT=dt ¼ k4/; ð5dÞ

where F and F(⊥) used for calculating ki are given by Eqs.
(4a) and (4c). Solving Eqs. (5a)–(5d) with the initial con-
ditions D(0)=1, D′(0)=0, ϕ(0)=0 and T(0)=0, we obtain the
probability density for the main dwell time, fM (t)=dT / dt, as
follows

fMðtÞ ¼ k2k3k4
2b

eðaþbÞt

k2 þ aþ b
−

eða−bÞt

k2 þ a−b
þ 2be−k2t

ðk2 þ aþ bÞðk2 þ a−bÞ
� �

;

ð6Þ



Table 1
Values of parameters used for fitting experimental results in Refs. [2] and [4]

i ki0 Ai Ai
(⊥) δi(δi

(⊥))

2 12 s −1 0 0
3 24.3 s −1 717 1 12 nm
T 1.21 μM −1s −1 0 0

Table 2
Values of parameters used for fitting experimental results in Ref. [11]

i ki0 Ai Ai
(⊥) δi(δi

(⊥))

1 45.45 s−1 3×10−8 0 16.55 nm
2 15 s−1 0 0
3 13.6 s−1 1611 1 13 nm
T 0.222 μM −1 s−1 0 0
D 9.324 μM −1 s−1 0 0
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where a=− (k3+k−3+k4) / 2 and b=(a2−k3k4)1 / 2. From Eq.
(6), the average main dwell time is

sM ¼ k−12 þ k−13 þ k−14 þ k−3k
−1
3 k−14 : ð7Þ

In the case of no ADP, τ can be written as

sM ¼ k23=kT þ ½ATP�
k23½ATP� ; ð8Þ

where k23=k2k3 / (k2+k3) is the average ADP-release rate. Note
that Eq. (8) has the Michaelis–Menten form.

Next, we study the intermediate dwell time distribution. As
can be noted from our model, the intermediate dwell time
corresponds to the time taken by myosin head to change from
ADP* state in Fig. 4(e′) to ADP state in Fig. 4(f). This time
is only part of the ADP* to ADP transition time of the head
that is leading in Fig. 4(g) and (d) and then becomes trailing
in Fig. 4(e′). We first determine the distribution of the overall
time taken by this myosin head to change from ADP* to ADP
states (from Fig. 4(g), through (d) and (e′), to (f)), which is
described by the scheme, ADP*Yk1ADP. From this scheme the
probabilities for finding this head in ADP* and ADP states are
described by the following differential equations

dD*=dt ¼ −k1D*; ð9aÞ

dD=dt ¼ k1D*; ð9bÞ
where the forces for calculating k1 are given by Eqs. (4b) and
(4d) when the ADP*-head is leading (Fig. 4(g) and (d)), whereas
the forces for k1 are simply F≈Fload and F(⊥) =0 when the
ADP*-head is trailing (Fig. 4(e′)). Solving Eqs. (9a) and (9b),
with the initial conditions D*(0)=1 and D(0)=0, we obtain the
probability density for the time of ADP* to ADP transition as
g (t)=k1e

− k1t, which is a single-exponential form. The dis-
tribution of the intermediate dwell time thus should also have a
single-exponential form

fIðtÞ ¼ kIe
−kIt; ð10Þ

where kI =1 /τI, with τI being the average intermediate dwell
time.

As the intermediate state occurs, myosin changes its
conformation via two periods during the ADP* to ADP
transition, one from Fig. 4(g), through (d), to (e′), and the
other from Fig. 4(e′) to (f). Thus we have the relation

kðLÞ1 Dt þ kðTÞ1 sI ¼ 1; ð11Þ
where k1
(L) is the ADP* to ADP transition rate when myosin

head is leading with F≈Fload+F0 cos 35° and F(⊥) =−F0 sin
35°, as shown in Fig. 4(g) and (d), and k1

(T) is that when the head
is trailing with F=Fload and F(⊥) =0, as shown in Fig. 4(e′). Δt
is the average time taken by the myosin to change its
conformations from Fig. 4(g), through (d), to (e′) and τI the
average time taken by the myosin to change its conformation
from Fig. 4(e′) to (f), i.e., the average intermediate dwell time.
From Eq. (11) we have

sI ¼ 1−kðLÞ1 Dt

kðTÞ1

: ð12Þ

Considering that the occurrence frequency of the interme-
diate state is around 0.5 for the case of saturating [ATP], no
ADP and no BDM [11], as an approximation, we can take Δt
equal to half of the time taken by the trailing head to change
from ADP state to nucleotide-free state under the conditions
of saturating [ATP], no ADP and no BDM, i.e., Δt=
(k2

−1 +k3
−1) / 2, with F=Fload−F0 cos 35° and F(⊥) =F0 sin 35°

in calculations of k2 and k3.
The occurrence frequency, PI, of the intermediate state

corresponds to the probability that the release of ADP from and
then ATP binding to the trailing head (from Fig. 4(f), through
(g) and (d), to (e′)) are completed earlier than the change from
ADP.Pi to ADP* and then to ADP of the leading head (either
from Fig. 4(f), through (g) and (d), to (e) or from Fig. 4(f),
through (g), to (h)). The time distribution of the former process
is calculated by using Eqs. 4(a) (c) and (6), while the time
distribution of the latter process is calculated by using g(t)
=k1e

− k1t with F≈Fload+F0 cos 35° and F (⊥)=−F0 sin 35° in
calculations of k1 (Note that Pi release time is negligible). As an
approximation, PI can be calculated by the following equation

PI ¼ s−1M
s−1M þ k1

; ð13Þ

with F=Fload−F0 cos 35° and F (⊥) =F0 sin 35° in calculations
of τM and F≈Fload+F0 cos 35° and F (⊥) = −F0 sin 35° in
calculations of k1.
4. Results

The values of parameters are shown in Tables 1 and 2, where
Table 1 is for fitting the experimental results in Refs. [2] and [4]
and Table 2 is for fitting the experimental results in Ref. [11].
We see that the corresponding values in the two tables are close.
From Table 1 we obtain, under zero force acted on a single
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myosin head, the ATP-binding rate kT=1.21 μM−1 s−1 and the
ADP-release rate kD-release=9.7 s

−1. From Table 2 we obtain the
ATP-binding rate kT=0.222 μM−1 s−1, the ADP-binding rate
kD=9.324 μM−1 s−1, and the ADP-release rate kD-release=8.3
s−1 under zero force. These values are consistent with the
corresponding experimental values for a monomer, with ATP-
binding rate of 0.9 μM−1 s−1, ADP-binding rate of 12.6 μM−1

s−1 and ADP-release rate of 12 s−1 [3]. Using the parameters
given in Tables 1 and 2 we calculate ADP-release rate, k23, of
the trailing head and that of the leading head in rigor state with
both heads bound strongly to actin. The calculated results are
shown in Fig. 6. From Fig. 6 it is seen that k23 of the trailing
head is much larger than that of the leading head, which means
that ADP release from the leading head rarely occurs. This is in
agreement with the experimental observations [12].
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First, using parameters given in Table 1 we make calcula-
tions and comparisons with the experimental results in Refs. [2]
and [4]. Using Eq. (6) the calculated main dwell-time
distributions for various ATP concentrations and no ADP
under low load (b1 pN), where the dwell time is unaffected by
load, are shown in Fig. 7(a)–(c). The theoretical results are in
good agreement with the experimental ones [4]. As did in Ref.
[4], we verified that the distributions can be fitted very well by
using the two-exponential form,

f VðtÞ ¼ k1 Vk2 V
k2 V−k1 V

½expð−k1 VtÞ−expð−k2 VtÞ�: ð14Þ

If, as did in Ref. [4], we fix k1′=k2=12 s−1, the fitted values
of k2′ as a function of [ATP] are shown in Fig. 7(d) (rhombus
points), where triangular and square points are the experimental
results [4]. We see that the fitted values of k2′ are in good
agreement with the experimental ones. It is interesting to note
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that k2′ versus [ATP] follows very well the Michaelis–Menten
equation,

k2V¼ k3½ATP�
k3=kT þ ½ATP� ; ð15Þ

as shown by line in Fig. 7(d). This is understood as follows: At
saturating [ATP], k2′ becomes the same as k3 and the [ATP]
dependence of k2′ is only through the ATP binding. In fact, from
Eq. (14), the mean dwell time can be obtained as τ=1 /k1′+1 /k2′.
By comparing it with Eq. (8), we see that, if we let k1′=k2, then
we obtain Eq. (15).

Using Eq. (8) we calculate the average main dwell time
versus load, with the results shown in Fig. 8. Note that, although
the experimental results as shown in Figs. 7 and 8 are obtained
from different experiments [2,4], the theoretical results using
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Second, using parameters given in Table 2 we make
calculations and comparisons with the experimental results in
Ref. [11]. Using Eq. (7) we give the calculated average main
dwell time versus load at various nucleotide states in Fig. 9(a).
For the effect of BDM [11], we assume that it only affects the
values of k10, A1 and k20, i.e., k10=12.5 s−1, A1=1×10

−7 and
k20=9.1 s−1 and it has no effect on the other parameters. From
Eqs. (10) and (12), we note that both the intermediate dwell time
distribution and the average intermediate dwell time are
independent of the concentrations of ATP and ADP, which is
consistent with the experimental results [11]. Using Eq. (12) we
give the calculated average intermediate dwell time versus load
in Fig. 9(b). Using Eqs. (6) and (10) the calculated main dwell
time distribution and intermediate dwell time distribution are
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shown in Fig. 9(c) and (d), respectively. Using Eq. (13) we
show the calculated occurrence frequency of the intermediate
state in Fig. 9(e). The average velocity is calculated by using
equation, V≈36 /τM (nm/s), with the results given in Fig. 9(f). It
is seen from Fig. 9 that the calculated results show good
agreement with the experimental results [11], except for the load
dependence of occurrence frequency of the intermediate state
(Fig. 9(e)). In the case of Fig. 9(e) the shapes of the theoretical
curves still resemble the experimental results well. One of the
possible reasons for the discrepancies between the calculated
and experimental values is that the experimental results cannot
be measured directly and are only estimated indirectly [11].

5. Discussion

Different experiments have consentaneously determined that
myosin-V walks processively by generally consuming one ATP
to make a step of ∼36 nm. Most of the previous models made a
taken-it-for-granted assumption of tight coordination between
the two heads of myosin-V to analyze its processivity [4–6,8–
12,14] and to calculate its kinetics [18]. Recently, by using
elastic lever arm models [15,16], the coordination was
explained by showing that the leading head only binds to
actin after the power stroke in the trailing head and that it only
undergoes its power stroke after the trailing head detaches from
actin. In this work, we gave another explanation to this
coordination: The results from the present model show that
myosin-V walks along actin by generally consuming one ATP
per step, which is due to much higher ADP-release rate of the
trailing head than that of the leading head. The different ADP-
release rates of the two heads, which are resulted from the
different internal forces acted on the two head domains, ensure
that myosin-V walks processively along actin for a long
distance. Moreover, our model shows that the leading head
undergoes its power stroke sometimes before the unbinding of
the trailing head and sometimes after the unbinding of the
trailing head. Thus our model is compatible with the currently
prevailing hypothesis that the leading head undergoes it power
stroke immediately after binding, thereby storing energy into
elastic deformation of its lever arm and releasing it after the
unbinding of the trailing head. It is also compatible with another
hypothesis that the release of the trailing head is necessary for
the power stroke in the leading head [16].

In previous models, Brownian motion plays an important
role in the stepping of myosin-V. Experimental results show that
the power stroke size, i.e., the distance of the lever arm tip
movement between post-power-stroke state and pre-power-
stroke state is ∼25 nm, which is less than the measured mean
movement distance, ∼72 nm, of the detached motor domain [9].
Thus the next∼47 nm movement of the detached motor domain
to the next binding site is presumed to be resulted from the
Brownian motion. Note that it is implicitly assumed there that
the residue segment connecting the neck domain and the coiled
coil is a flexible element with zero torsional/bendable stiffness.
In our present model, however, the Brownian motion is not
important and the forward movement of the detached trailing
head is mainly due to the internal force and torque that are
induced by the deviation of the dimer's conformation from its
equilibrium form. The site on actin where the detached leading
head will bind is determined by both the equilibrium position of
the detached leading head and the azimuthal angle of the
binding sites on actin, which gives a mean movement distance
of ∼72 nm for the detached motor domain. Furthermore,
because the distance between the two motor domains can only
vary within a narrow range of Gaussian distribution around their
equilibrium distance due to the Langevin noise, it is expected
that the distribution of the movement distance of the detached
motor domain, which is the convolution of the Gaussian
position distribution of the detached motor domain and the
distribution of the azimuthal-angle-dependent binding proba-
bility, will be narrow. This is consistent with the experimental
results [4,9]. In addition, from the equilibrium distance between
the two motor domains we expect that the distance between the
two binding motor domains in nucleotide-free (i.e., post-power-
stroke) states will also show a narrow range peaked at ∼36 nm,
similar to that observed during the working condition [4,45].
This is consistent with the electron microscopy observation in
the absence of ATP or ADP [45]. Note that, if the residue
segment connecting the neck domain and the coiled coil is a
flexible element as assumed in previous models, the distribution
of the distances between the two binding heads in nucleotide-
free (or post-power-stroke) states should peak at a value much
smaller than 36 nm, as calculated in Ref. [16]. This is obviously
inconsistent with the electron microscopy observation by
Walker et al. [45]. This gives another evidence for our argument
of small non-zero torsional/bendable stiffness for the residue
segments that connect the neck domains and the colied coils.

Experimental results show that, under high backward load,
backward stepping is frequently observed [2,4]. Using our
model this can be readily explained as follows: When ATP
binds to the leading head (see, for example, Fig. 5(b)), the large
backward load together with the Langevin force can overcome
the internal elasticity to drive the lever arm of the trailing head
bending backward and thus make the detached head bind to the
previous binding site on actin and then release Pi. Thus a
backward step is made. Recently, an interesting experiment on
kinesin shows that, under very high backward loads larger than
the stall force, the kinesin can walk backwards stepwisely and
processively in an ATP-dependent manner [49]. Using our
model, we expect that myosin-V can also have similar
processive backward stepping. This can be understood as
follows: For the case of a backward load larger than the stall
force (Fstall =F0 cos 35°), even if an ATP binds to the trailing
head, the detached trailing head cannot move forward to
become the leading head due to the net backward force (i.e.,
F=Fload−F0 cos 35°N0) acted on the detached trailing head.
On the other hand, when an ATP binds to the leading head, the
myosin can move a backward step. Therefore, the myosin can
move backwards stepwisely and processively. Since the ADP-
release rate of the leading head is much smaller than the trailing
head, during the dwell period between two successive backward
stepping, the processes of ADP release is almost always
completed in the trailing head, while the process of ATP binding
usually starts in the trailing head and is sometimes completed
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when it becomes the leading head. Since ATP binding is
involved, the dwell time of the processive backward stepping is
thus ATP dependent. Also, the ATP turnover is involved during
the processive backward stepping. It should be interesting to
verify this prediction in future experiments.

In addition, from Fig. 4(e′) we note that, at very high loads,
the detached leading head is liable to bind the previous binding
site. This is consistent with the experimental observation that
“half steps” are always followed by another half step in either
forward or backward direction [4]. Also, it is obvious that,
because only one head is attached to action, the intermediate
levels exhibit increased variance of fluctuation [4].

Several recent experiments on kinesins show that a kinesin
homodimer walks along microtubule in a limping manner
[50,51]. In other words, the mean dwell time values of two
successive steps are different. However, using our present
model we predict that myosin-V homodimer should not exhibit
the similar limping behaviors. As shown in Fig. 4, in the
equilibrium state (Fig. 4(b) or (e′)) the internal elastic force and
torque are zero. After Pi release, as the leading head make a
180°-rotation in order to bind strongly to actin, it will take equal
probability to rotate along the two opposite directions. Thus
even the sideway force (perpendicular to the paper plane),
which is resulted from the internal torque, has strong
asymmetric effect on the ATPase rate of the head, the mean
dwell time will not show strict alternation. Therefore, we
conclude that, different from kinesin homodimer, myosin-V
homodimer does not exhibit limping behaviors.

In conclusion, we present a new hand-over-hand model for
the processive movement of myosin-Valong actin. Based on the
model, the calculated results on various kinetic behaviors show
good quantitative agreement with previous experimental results.
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